Summary The effect of hypobaric hypoxia on the in vivo binding of misonidazole was investigated in normal mice and mice bearing T50/80 or CA NT mammary carcinomas. After the intraperitoneal injection of radiolabelled misonidazole, mice were randomised to breathe either room air or air at 0.5 atmospheres. The distribution of misonidazole in liver, kidney, heart, spleen and tumour tissue, 24h later, was studied by scintillation counting and by autoradiography. Significantly higher misonidazole binding occurred in the livers ( x 2.5), kidneys ( x 2.4), spleens ( x 2.9) and hearts ( x 1. 
Hypoxic cells are relatively resistant to the effects of ionising radiation and hypoxic tumour cells are probably responsible for local treatment failure in a proportion of cancer patients treated by radiotherapy (Gray et al., 1953) . Cellular hypoxia within tumours has been measured directly using oxygen electrodes (Cater & Silver, 1960) and indirectly by studying the effects of irradiation. Neither of these methods can accurately localise hypoxic cells or show their histological distribution. Oxygen electrodes can only measure the average oxygen tension in a poorly defined area of tissue containing many cells. Radiation experiments provide only approximate estimates of hypoxic fraction.
A method for labelling hypoxic cells within tumours was described by Chapman et al. (1981) which used the radiosensitizing drug misonidazole (MISO). It has been shown that reductive metabolism of MISO is enhanced under hypoxic conditions (Smith & Born, 1984) and that reduced metabolites covalently bind to hypoxic cells in vitro (Varghese et al., 1976) . Using autoradiography, Chapman showed that radiolabelled MISO binds preferentially in vivo to cells within murine tumours which are likely to be hypoxic, i.e. cells near to areas of necrosis and far from capillaries. Using liquid scintillation counting, he demonstrated that relatively large amounts of MISO become bound within the tumours and livers of tumour-bearing mice. (The liver is the major site of MISO metabolism.) Hirst et al. (1985) 
Hypoxic chamber
The hypoxic chamber is a sturdy steel cylinder, sealed at one end and with an airtight door at the other. Air is extracted from the chamber by a vacuum pump and an inlet valve allows a variable flow of air to enter from the outside. By varying the flow through the inlet valve the desired barometric pressure, as measured by an aneroid barometer, can be maintained within the chamber. In experiments involving hypobaric hypoxia, a pressure of 0.5 atmospheres was maintained within the chamber for 24 h. All mice survived these conditions without apparent ill-effect.
Radio/labelled MISO Unlabelled MISO and a limited supply of 14C-labelled MISO (specific activity 1.96MBqmg-1 were kindly supplied by Hoffman LaRoche Limited (Welwyn Garden City, Herts.). We used the method of Born & Smith (1983) to label MISO with tritium to a specific activity of 5.99 MBq mg-I MISO was administered intraperitoneally, dissolved in 0.2ml of sterile normal saline. Mice were randomly allocated to either a control group, which breathed room air, or a 'hypoxic' group, which was placed in the hypoxic chambet immediately after MISO administration. All mice were killed by cervical dislocation 24 h after injection with the drug. Although the apparent half-life of MISO in mice is relatively short at 1.5-3.0h, (Chin & Rauth, 1981; Pederson et al., 1979) ,' this 24-h period was necessary to allow the excretion of unbound drug. (Figure 2 ). This increase was statistically significant (P=0.03, unpaired t test).
A very different pattern was seen in the case of the CA NT tumour (Figure 3) . Under normal conditions, the mean percentage of MISO binding within this tumour exceeded that in the T50/80 tumour by a factor of more than 2.5. Nevertheless, the level of MISO binding found within the tumours of CA NT-bearing mice exposed to hypoxia was not significantly higher than that observed in control tumours, although a trend towards higher binding was noted in hypoxic mice. hepatic veins (zone III of hepatic lobule) and low grain concentrations were seen near to portal tracts (zone I of the hepatic lobule). Regions of liver parenchema betwen zones I and III (zone II) had intermediate grain concentrations. Examples of these findings are shown in Figure 4 . The spatial distribution of grains was similar in non-hypoxic liver but the pattern was less well marked. This pattern was observed in all autoradiographs with sufficient grains for evaluation.
In hypoxic kidney, very few grains were observed in the medulla whereas high concentrations of grains were observed over renal tubular cells. Relatively few grains were seen over glomeruli ( Figure 5 ). Satisfactory autoradiographs of nonhypoxic kidney, spleen or heart have not yet been made because these tissues have bound relatively small amounts of labelled MISO. Autoradiographs of hypoxic heart and spleen showed a rather homogeneous distribution of grains.
In autoradiographs of T50/80 tumours, high grain concentrations were seen adjacent to areas of necrosis. A detailed investigation of the distribution of MISO in autoradiographs of tumours from the normal and hypoxic mice has not yet been made.
Discussion
This study confirms the value of MISO binding as a marker for cellular hypoxia in both neoplastic and normal tissues. Previous investigations have concentrated almost entirely on the usefulness of MISO in tumour systems, although Smith (1983) showed that isolated perfused rat livers bound more MISO under hypoxic conditions and Garrecht & Chapman (Moore, 1988) . The true hypoxic fraction may be lower than this because the mice used in this study were anaesthetised with enflurane to facilitate their restraint in jigs before irradiation. Recent evidence suggests that the mice may not have recovered fully from the anaesthetic when irradiated (J.V. Moore, personal communication) .
Our results support the contention by Hirst et al. (1985) that the increase in MISO binding observed in the tumours of mice which are rendered acutely anaemic is due to hypoxia rather than to haemodynamic changes induced by venesection and infusion of plasma. MISO binding may prove to be a useful way of assessing the effect in vivo of drugs that may kill cells within solid tumours by inducing hypoxia.
It is more difficult to explain why a large increase in MISO binding did not occur in the CA NT tumour under hypoxic conditions. The radiobiological hypoxic fraction of this tumour is reported to be 7-18% under normal conditions (Denekamp, 1984) . Since our method for inducing hypoxia does not cause vascular occlusion within the tumours, it is likely that the availability of MISO for binding to hypoxic cells was not altered. Hirst et al. (1985) have suggested that, in some tumours, MISO binding may not correlate well with the radiobiological hypoxic fraction. One possible explanation for our results is that the CA NT tumour contains a very high proportion of hypoxic cells under normal conditions and that the reported radiobiological hypoxic fraction, which reflects clonogenic cells, is an underestimate of the total number of cells which are truly hypoxic. If this is the case then a large increase in MISO binding would be unlikely to occur under hypoxic conditions because most cells would already bind MISO.
The histological distribution of MISO binding within the livers of both normal and hypoxia-exposed mice provides compelling evidence in support of the contention that MISO binding within tissues is closely related to the cellular pO2. The distribution of MISO in hypoxic kidney, however, is difficult to explain solely on the basis of oxygen tension gradients. The cortical distribution, with relatively low concentrations of grains over the glomeruli and high concentrations over the tubules, is not surprising because glomeruli are relatively well perfused and therefore MISO binding in the cortex may be governed mainly by cellular pG2. However, the renal medulla is known to have a lower PO2 than the cortex and yet the binding of MISO in this region was extremely low. One possible explanation for this is the shutdown in blood flow to the renal medulla that normally occurs under hypoxic conditions (Frohnert, 1978) . This would greatly reduce the amount of circulating MISO entering the region and hence reduce the opportunities for binding. Another possibility is that cells in the renal medulla might contain relatively small amounts of the reductase enzymes which produce the reactive reduced metabolites.
The results of this study show that MISO binding to tissues in vivo is markedly affected by hypoxia. The histological distribution of the compound in hypoxic liver, reflecting the oxygen tension gradient between portal tract and hepatic veins, strongly supports the contention that the distribution of MISO binding within tumours is governed by local variations in oxygenation. MISO binding should prove to be a useful tool for investigation cellular hypoxia within neoplasms. The potential of this compound as a marker for tissue hypoxia in non-neoplastic tissues has yet to be realised.
